Abstract-Axon terminals forming mixed chemical/electrical synapses in the lateral vestibular nucleus of rat were described over 40 years ago. Because gap junctions formed by connexins are the morphological correlate of electrical synapses, and with demonstrations of widespread expression of the gap junction protein connexin36 (Cx36) in neurons, we investigated the distribution and cellular localization of electrical synapses in the adult and developing rodent vestibular nuclear complex, using immunofluorescence detection of Cx36 as a marker for these synapses. In addition, we examined Cx36 localization in relation to that of the nerve terminal marker vesicular glutamate transporter-1 (vglut-1). An abundance of immunolabeling for Cx36 in the form of Cx36-puncta was found in each of the four major vestibular nuclei of adult rat and mouse. Immunolabeling was associated with somata and initial dendrites of medium and large neurons, and was absent in vestibular nuclei of Cx36 knockout mice. Cx36-puncta were seen either dispersed or aggregated into clusters on the surface of neurons, and were never found to occur intracellularly. Nearly all Cx36-puncta were localized to large nerve terminals immunolabeled for vglut-1. These terminals and their associated Cx36-puncta were substantially depleted after labyrinthectomy. Developmentally, labeling for Cx36 was already present in the vestibular nuclei at postnatal day 5, where it was only partially co-localized with vglut-1, and did not become fully associated with vglut-1-positive terminals until postnatal day 20-25. The results show that vglut-1-positive primary afferent nerve terminals form mixed synapses throughout the vestibular nuclear complex, that the gap junction component of these synapses contains Cx36, that multiple Cx36-containing gap junctions are associated with individual vglut-1 terminals and that the development of these mixed synapses is protracted over several postnatal weeks. Ó
INTRODUCTION
The long debate during the first half of the last century centering on whether inter-neuronal communication in the central nervous system (CNS) occurred by chemical or electrical means culminated around mid century with the demonstration of chemical transmission, followed shortly thereafter by the discovery of electrical transmission (reviewed in Bennett, 1977; Cowan and Kandel, 2001 ). The morphological substrate of (most) electrical synapses was identified to be neuronal gap junctions that form at close plasma membrane appositions and consist of connexin channel-forming proteins that allow intercellular movement of ions and small molecules (Bennett, 1997) . While initially considered a less sophisticated form of communication widely utilized only in submammalian species (see however, Bennett, 2000) , evidence slowly accumulated indicating electrical transmission between mammalian neurons in numerous CNS regions (see Nagy and Dermietzel, 2000) . Nevertheless, it has been only in the past decade, with renewed interest in the area, that the importance and functional relevance of electrical transmission in mammalian CNS has become generally accepted (Bennett and Zukin, 2004; Connors and Long, 2004; Hormuzdi et al., 2004; So¨hl et al., 2005; Meier and Dermietzel, 2006) . Nearly all neuronal gap junctions so far identified in mammalian CNS occur at appositions between dendrites, somata or dendrites and somata. However, electrical communication can also occur between nerve terminals and postsynaptic elements; in fact, nerve terminals were among the first structures at which electrical transmission was found (Furshpan, 1964; reviewed in Bennett and Goodenough, 1978) . Synaptic terminals with capabilities for electrical and chemical transmission, termed mixed synapses, have been extensively studied in lower vertebrates, among which the best characterized are the club endings on giant Mauthner cells in goldfish (Pereda et al., 2003 (Pereda et al., , 2004 .
Morphological and/or electrophysiological evidence for morphologically mixed synapses has been reported in only a few locations in mammalian CNS, including the rat lateral vestibular nucleus (LVN) (Sotelo and Palay, 1970; Korn et al., 1973; Wylie, 1973; Sotelo, 1975; Sotelo and Korn, 1978; Sotelo and Triller, 1981) , spinal cord (Rash et al., 1996) and hippocampus (Vivar et al., 2012; Hamzei-Sichani et al., 2012; Nagy, 2012) .
In the LVN of rat, as well as mouse (cited as unpublished observations in Sotelo and Korn, 1978) , gap junctions are formed between large nerve terminals and either the somata or dendrites of large neurons that themselves appear not to be directly coupled by interdendritic or soma-somatic gap junctions (Sotelo and Palay, 1970; Korn et al., 1973) . Similar observations have been made in the vestibular nuclei or their anatomical equivalent in lower vertebrates, including lamprey (Stefanelli and Caravita, 1970) , goldfish (Hinojosa, 1973) , toadfish (Korn et al., 1977) and frog, (Sotelo, 1977) and in chick (Hinojosa and Robertson, 1967; Peusner, 1984) . The terminals forming gap junctions in these species as well as in rat are either known or have been inferred to be of primary afferent origin based on demonstrations of electrical transmission by vestibular primary afferents in toadfish (Korn et al., 1977) , frog (Precht et al., 1974; Babalian and Shapovalov, 1984) , lizard (Richter et al., 1975) , pigeon (Wilson and Wylie, 1970) and rat (Wylie, 1973) . Nearly four decades after these early studies, mixed synapses in vestibular nuclei have received little attention, although glutamatergic transmission by primary afferents in these nuclei have been well studied (Highstein and Holstein, 2006) . In the mammalian vestibular nuclear complex, there is no anatomical information available on the distribution and density of neuronal gap junctions, the connexin constituents of these junctions, or the source of terminals forming mixed synapses.
The family of connexin proteins that form gap junctional intercellular channels consists of twenty or twenty-one family members. The discovery that connexin36 (Cx36) is expressed in neurons (Condorelli et al., 1998; So¨hl et al., 1998) has enabled histochemical approaches to demonstrate widespread neuronal expression of Cx36 in mammalian CNS, including Cx36 mRNA expression in neurons of rodent vestibular nuclei (Condorelli et al., 2000) . In our studies of Cx36 protein expression in the brain and spinal cord, the anti-Cx36 antibodies used provide robust immunofluorescence labeling of Cx36 associated with neurons, and we have established the specificity of these antibodies in various CNS regions using Cx36 knockout (ko) mice (Li et al., 2008; Curti et al., 2012; Bautista et al., 2012) . Immunolabeling of Cx36 occurs exclusively as immunopositive puncta, with no detection of intracellular labeling. We have confirmed that this punctate labeling corresponds to sites where we detect ultrastructurally identified neuronal gap junctions (Rash et al., 2000 (Rash et al., , 2001 Nagy et al., 2004; Rash et al., 2007a,b; Li et al., 2008) . Further, there is a high correlation between presence of Cx36 and presence of functional electrical synapses (Bennett and Zukin, 2004; Connors and Long, 2004; Hormuzdi et al., 2004 ). While we cannot discount the possibility that additional connexins may be expressed in neurons, our studies have excluded neuronal localization of a variety of connexins expressed in the CNS (Rash et al., 2000 (Rash et al., , 2001 (Rash et al., , 2007a Curti et al., 2012) . Taken together, these points allow use of immunofluorescence labeling of Cx36 as the current best marker for electrical synapses in most regions of the mammalian CNS. Here, we describe abundant immunolabeling of Cx36 in vestibular nuclei of adult and developing rat and mouse, and report on the association of Cx36 with the nerve terminal marker vesicular glutamate transporter-1 (vglut-1). In addition, studies were undertaken to determine whether Cx36 association with vglut-1 in the vestibular nuclear complex reflects localization of Cx36 to terminals of primary afferent origin.
EXPERIMENTAL PROCEDURES Animals and antibodies
Animals used in this study included a total of 44 adult Sprague-Dawley rats. For developmental studies, three rats were used at postnatal day 5, two at postnatal day 10, three at postnatal day 15, two at postnatal day 20, three at postnatal day 25 and the rest as adults. Included were fourteen adult rats taken for surgical procedures involving labyrinthectomy and vestibular nerve section. Mouse strains used included fourteen adult CD1 mice, three of these mice at postnatal day 5, and three at postnatal day 10 and the rest as adults. In addition, colonies of C57 BL/6-129SvEv wild-type and Cx36 ko mice were established at the University of Manitoba through generous provision of wild-type and Cx36 ko breeding pairs from Dr. David Paul (Harvard). Five adult wild-type and three adult ko mice were used from these colonies. Expression of Cx36 protein was investigated in the vestibular nuclei of both rat and mouse, because some early studies relevant to neuronal gap junctions in these nuclei were conducted in rat, and because examination of mouse provides the opportunity to confirm antibody specificity of Cx36 detection using wild-type vs. Cx36 ko mice. Studies were also conducted on brains harvested from three adult cats and three adult Hartley guinea pigs. Tissues from some of the animals were employed in parallel unrelated studies; therefore the numbers indicated do not reflect total cumulative usage in separate publications from our laboratory. Animals were utilized according to approved protocols by the Central Animal Care Committee of University of Manitoba, with minimization of the numbers of animals used.
Two polyclonal antibodies and one monoclonal antibody (Cat. No. 39-4200) against Cx36 were obtained from Life Technologies Corporation (Grand Island, NY, USA) (formerly Invitrogen/Zymed Laboratories), and have been previously characterized for specificity of Cx36 detection in various regions of rodent brain (Li et al., 2004; Rash et al., 2007a,b; Curti et al., 2012) . These were used at a concentration of 1-2 lg/ml in primary antibody incubations with tissue sections. Other antibodies included a guinea-pig polyclonal anti-vglut-1 obtained from Millipore (Temecula, CA, USA) and used at a dilution of 1:1000, and a mouse monoclonal antibassoon antibody obtained from Stressgen Bioreagents (Victoria, BC, Canada) and used at a dilution of 1:1000. Secondary antibodies included Cy3-conjugated goat or donkey anti-mouse immunoglobulin G (IgG) diluted 1:600 (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), Alexa Flour 488-conjugated goat or donkey anti-rabbit and anti-mouse IgG diluted 1:600 (Molecular Probes, Eugene, OR, USA), and Cy5-conjugated goat anti-mouse IgG diluted 1:500 (Jackson ImmunoResearch Laboratories). All antibodies were diluted in 50 mM Tris-HCl, pH 7.4, containing 1.5% sodium chloride (TBS) and 0.3% Triton X-100 (TBSTr) containing 10% normal goat or normal donkey serum.
Tissue preparation
Animals were deeply anesthetized with equithesin (3 ml/ kg) and placed on a bed of ice. Most rats and mice 15 days of age and older were perfused transcardially with 0.1-0.2 ml per gram body weight of cold (4°C) prefixative consisting of 50 mM sodium phosphate buffer, pH 7.4, 0.1% sodium nitrite, 0.9% NaCl and 1 unit/ml of heparin. This was followed by perfusion with 0.5-1 ml per gram body weight of fixative solution containing cold 0.16 M sodium phosphate buffer, pH 7.4, 0.2% picric acid and either 1% or 2% formaldehyde from freshly depolymerized paraformaldehyde. Animals were then perfused with 0.1-0.2 ml per gram body weight of a cold solution containing 10% sucrose and 25 mM sodium phosphate buffer, pH 7.4, to wash out excess fixative. Cats and guinea pigs were similarly anesthetized followed by transcardiac perfusion. Brains were removed and stored at 4°C for 24-48 h in cryoprotectant containing 25 mM sodium phosphate buffer, pH 7.4, 10% sucrose, 0.04% sodium azide.
It should be noted that optimal immunohistochemical detection of Cx36 required the weak tissue fixations conditions described above. This posed a problem for double immunofluorescence labeling of Cx36 in combination with vglut-1, because optimal labeling of vglut-1 required stronger fixation (>2% formaldehyde), leaving only a narrow window of fixation strength where maximal levels of both proteins could be reliably detected. To achieve this window, volumes of fixative (1 or 2% formaldehyde) for perfusion were varied in the range noted above. To ensure that Cx36 and vglut-1 detection in double-labeled sections was adequate at the perfusion volumes chosen, quality of labeling for Cx36 and vglut-1 in those sections was compared with optimal labeling for Cx36 in more weakly fixed sections, and with optimal labeling for vglut-1 in more strongly fixed sections. Given these considerations, some variability in immunolabeling quality might be expected and was encountered.
Most brains from mice less than 15 days of age were prepared by immersion fixation; animals were deeply anesthetized as above, decapitated, and the brains were removed and placed for 20-30 min into fixative containing 0.16 M sodium phosphate buffer, pH 7.4, 2% freshly depolymerized paraformaldehyde and 0.2% picric acid. The quality of immunohistochemical detection of proteins of interest after immersion fixation was equal to that observed after transcardial perfusion, as deduced from examination of brains from some postnatal day 10 animals prepared by cardiac perfusion and some brains from adult animals prepared by immersion fixation. After fixation, brains were transferred to cryoprotectant for a minimum of 1-2 days as above. Due to the weak tissue fixation conditions used, brains were taken for sectioning no longer than a few days after cryoprotection; longer storage of unsectioned brains led to deterioration of tissues, poor quality of sections and suboptimal immunohistochemical results. Transverse sections of brainstem were cut at a thickness of 10-15 lm using a cryostat and collected on gelatinized glass slides. Slidemounted sections could be routinely stored at À35°C for several months before use.
Light microscope immunofluorescence
Slide mounted sections were removed from storage, air dried under a fan for 10 min, and then washed for 20 min in TBSTr. Sections were processed for immunofluorescence staining, as previously described (Li et al., 2008; Bautista et al., 2012; Curti et al., 2012) . For single immunolabeling, sections were incubated for 24 h at 4°C with anti-Cx36, then washed for 1 h in TBSTr and incubated with appropriate secondary antibody for 1.5 h at room temperature. The same incubation procedures were used for double and triple immunofluorescence labeling, except that sections were incubated simultaneously with two or three different primary antibodies generated in different species, washed, and incubated simultaneously with two or three appropriate secondary antibodies. Some sections processed for single or double immunolabeling were counterstained with either green Nissl fluorescent NeuroTrace (stain N21480) or Blue Nissl NeuroTrace (stain N21479) (Molecular Probes, Eugene, OR, USA). All sections were coverslipped with the antifade medium Fluoromount-G (SouthernBiotech, Birmingham, AB, USA). Control procedures, involving omission of one of the primary antibodies with inclusion of the secondary antibodies used for double and triple labeling, indicated absence of inappropriate cross-reactions between primary and secondary antibodies for all of the combinations used in this study.
Immunofluorescence was examined on a Zeiss Axioskop2 fluorescence microscope, using Axiovision 3.0 software (Carl Zeiss Canada, Toronto, Ontario, Canada) for capturing images, and a Zeiss 710 laser scanning confocal microscope using ZEN 2010 image capture and analysis software. Data from wide-field and confocal microscopes were collected either as single scan images or z-stack images with multiple scans capturing a thickness of 2-14 lm of tissue at z scanning intervals of typically 0.4-0.6 lm. Images of immunolabeling obtained with Cy5 fluorochrome were pseudo-colored blue. Final images were assembled according to appropriate size and adjusted for optimal signal-to-noise presentation using CorelDraw Graphics (Corel Corp., Ottawa, Canada) and Adobe Photoshop CS software (Adobe Systems, San Jose, CA, USA). Movie files were constructed using Zeiss ZEN software.
Quantitative analyses
Sections double-labeled for Cx36 and vglut-1 were taken for measurements of diameters of Cx36-puncta, diameters of vglut-1-positive terminals with which these puncta were associated, and the diameters of clusters of Cx36-puncta associated with these terminals. Subsets of 50 Cx36-puncta, 50 vglut-1-positive terminals and 20 clusters of Cx36-puncta distributed on somata and dendrites of neurons in the vestibular nuclei from three rats were taken for measurements using Zen quantitative software tools (Zeiss Canada). The diameters of vglut-1-positive terminals (n = 20) localized on the surface of neuronal somata in the LVN of cat were also measured. Similar double-labeled sections were taken for quantitative analysis of the numbers of Cx36-immunopositive puncta associated with individual vglut-1-positive nerve terminals on neurons in the vestibular nuclei. In each of four adult rats, confocal immunofluorescence images ranging from 17 to 19 fields of the LVN were collected at sufficient magnification, using a Â60 objective lens, to resolve and visualize individual Cx36-puncta. This required collection of zstack images to ensure capture of all puncta associated with terminals in the z-axis. The number of Cx36-puncta contained within large vglut-1-positive terminals seen en face overlying neuronal somata and dendrites were counted in images from each of the four animals; terminals viewed on edge at the periphery of somata and dendrites were omitted from analysis. The data for each animal were then normalized by calculating the percentage of terminals displaying particular numbers of puncta, and the number of terminals containing particular numbers of puncta was then averaged over the four animals and expressed as mean ± standard error of mean (SEM).
Sections double-labeled for vglut-1 and Cx36 were used from four rats to capture images for determining numbers of Cx36-puncta associated with individual vglut-1-positive terminals in the LVN. The number of puncta localized to each of a total of 1782 terminals was counted. The percentages of terminals displaying particular numbers of puncta were separately plotted for each rat, and the average percentage of terminals displaying a given number of puncta was calculated (mean ± SEM) from the four rats.
Vestibular labyrinthectomy and nerve lesions
Rats taken for unilateral labyrinthectomy and vestibular nerve section were anesthetized with a mixture of isofluorane and oxygen for induction and maintenance of anesthesia, with delivery of gas through a nose cone.
Respiratory and pulse rate were monitored with an infrared oximeter clipped to one forepaw. Temperature was maintained at 37°C with a heating blanket and monitored via a rectal thermometer. Rats were placed on a lateral supine position, and the mandibular area below the left ear was shaved and sanitized with betadine prior to placing sterile drapes. Using a lateral approach, incisions were made perpendicular into the external auditory canal, and fibromuscular and cartilage tissues were dissected with blunt scissors to expose the tympanic bulla lying lateral and superior to the digastric muscle. Once the tympanic bulla was visualized with the aid of a surgical microscope, a drill (head size 0.5 mm) was used to expose the tympanic membrane and the stapes, and to open the tympanic bulla to expose the cochlea, with caution to avoid damage to the stapedial artery lying at the base of the cochlea. When present, bleeding from this artery was controlled by using the hemostatic agent Avitene, gauze pressure or cauterization. This was followed by performing vestibular nerve section via transcochlear ablation and/or Scarpa ganglionectomy. Some animals received cochlea and vestibular nerve ablation, with or without an attempt at complete ganglionectomy. Nerve and ganglion ablation was approached by cauterization in the area of the internal auditory meatus using a high temperature, fine tip, extended shaft micro-ophthalmic cauterization device (Bovie Medical Corp., Clearwater, Florida, USA), or by penetrating this area using a small hooked needle to ablate Scarpa's ganglion at its attachment to the proximal end of the vestibular nerve. The surgical site was packed with Avitene, sutured, and animals were maintained for a survival time of 7-9 days. During recovery, rats displayed various degrees of deficits in balance, head tilting, and weight support, lasting for a few days or throughout the survival period, but all recovered to be able to stand and walk. Pain was controlled with buprenorphine (intramuscular, 0.03-0.06 ml/kg) every 8 h for two days post-surgery.
Tissues from animals subject to unilateral labyrinthectomy were prepared for immunohistochemistry as described above. In comparisons of labeling for vglut-1 and Cx36 in sections of vesticular nuclei on the unoperated vs. lesion side, the intact side of each animal served as the basis for comparison of the effect of deafferentation on the contralateral lesion side. This effectively reduced confounding results that may have been introduced by variablilty of tissue fixation quality among animals. Further, during image acquisition of labeling, the control side was first photographed at an optimal exposure time setting, and the lesioned side was then photographed at the same exposure time to allow unbiased comparison of immunolabeling intensity on the control vs. lesioned side.
RESULTS

Distribution and cellular localization of Cx36 in vestibular nuclei
The distribution and cellular localization of Cx36 was examined by immunofluorescence labeling in each of the nuclei comprising the vestibular nuclear complex in the adult rat and mouse. This complex consists of the spinal (SpVN), lateral (LVN), medial (MVN) and superior (SuVN) vestibular nuclei, with the MVN further subdivided into the more laterally located MVN magnocellular part (MVNmc) and the medially located MVN parvicellular part (MVNpc). An overall view of immunolabeling for Cx36 in the adult rat LVN is presented at low magnification in Fig. 1 , with Cx36 immunofluorescence alone shown with red label in the left column of images to provide unobscured visualization of labeling, and the same fields shown as overlay with fluorescence Nissl counterstaining (green) in the right column to provide a background cellular context to the labeling. In comparison with most, though not all (e.g., sexually dimorphic motor nuclei in the spinal cord (Bautista et al., 2013) , other adult rodent brain regions in which we have examined immunolabeling of Cx36, such as the cerebral cortex, striatum, midbrain and cerebellum (not shown), labeling intensity and density was remarkably greater in the vestibular nuclear complex. Immunolabeling was detected in each of the vestibular nuclei, as shown in the SpVN (Fig. 1A) , the LVN (Fig. 1B) , the MVNmc (Fig. 1C ) and the SuVN (Fig. 1D ), but was very sparse in the MVNpc, which is populated by relatively small neurons (Fig. 1C) . With one exception, immunolabeling was localized to neurons and typically reflected the distribution of large-and medium-sized neuronal somata in the four major nuclear divisions, so much so that locations of these neurons could invariably be inferred from visualization of Cx36 immunofluorescence alone (i.e., in the absence of Nissl staining). This is especially remarkable given that Cx36 detectable by immunofluorescence in these vestibular nuclei is likely localized exclusively to gap junctions, as discussed below. The one exception was observed in the dorsocaudal portion of the LVN, which is populated by somewhat larger and more numerous neurons than seen in the rostroventral LVN, but was found to be largely devoid of immunolabeling for Cx36, except for a few sparse puncta per section (Fig. 1B) . These dorsally located neurons have typically been included as part of the LVN, notwithstanding considerations regarding their somewhat distinct anatomical and functional relationships (Brodal, 1981) . The uniform absence of Cx36 association with these neurons further distinguishes them from all other large neurons in the vestibular nuclei, and suggests that they may represent at least a functionally distinct set of neurons.
A higher magnification view of Cx36 immunofluorescence in each of the vestibular nuclear divisions of adult rat brain, shown with Nissl fluorescence overlay, is presented in Fig. 2 . Here, several features of labeling for Cx36 are evident. First, labeling in the LVN ( Fig. 2A), SpVN (Fig. 2B) and MVNmc (Fig. 2C ) is often associated with the somata and initial dendrites of medium-and large-sized neurons. Second, it is clear that the parvicellular part of the MVN nucleus is largely devoid of labeling (Fig. 2D , MVNpc indicated by asterisk), compared with association of labeling around large neurons in the laterally located MVNmc (Fig. 2D,  arrows) . Third, there is a heterogeneity of labeling among large neurons in the LVN (Fig. 2E) and MVNmc (Fig. 2F) as well as SpVN (not shown), such that neurons bearing little or no labeling for Cx36 are intermingled with similarly large neurons displaying an abundance of Cx36 immunofluorescence around their periphery. And fourth, in contrast to patterns of Cx36 association with large neurons in other vestibular nuclei, the typically smaller neurons characteristic of the SuVN displayed labeling of Cx36 mostly on their initial dendrites rather that cell bodies (Fig. 2G) . Details of these patterns of labeling are described more fully below.
In general, results on Cx36 distribution and cellular localization in vestibular nuclei of mouse were similar to those described above in rat. Examples of Cx36 immunofluorescence in the mouse are shown with red label alone, and with green Nissl fluorescence overlay in the SpVN (Fig. 3A) , MVNmc (Fig. 3B) and LVN (Fig. 3C) . In each region, labeling of Cx36 is seen surrounding neuronal somata and extending along initial dendrites. As in rats, labeling was more often associated with large vs. small neuronal cell bodies. A low magnification view midway through a large part of the LVN from a wild-type mouse is shown in Fig. 3D , where it is evident that intense labeling for Cx36 is distributed throughout the nucleus. A corresponding field of the LVN photographed in a brain section from a Cx36 ko mouse after processing with the same anti-Cx36 antibody as used in Fig. 3D , shows a total absence of immunofluorescence signal (Fig. 3E) , indicating specificity of Cx36 detection. A similar absence of labeling was seen in the other vestibular nuclei of Cx36 ko mice. Similar results were obtained with each of the anti-Cx36 antibodies used in this study. We have emphasized elsewhere (Li et al., 2008; Curti et al., 2012) that detection of Cx36 with these antibodies is especially sensitive to tissue fixation conditions, and that optimal detection requires the weak fixations used here. Use of stronger fixations, including 4% formaldehyde, with or without post-fixation, obliterated Cx36 immunofluorescence signal.
In contrast to the profuse immunolabeling of Cx36 in vestibular nuclei of rodent brain, we failed to detect any labeling of this connexin in these nuclei of either guinea pig or cat brain (not shown). These negative results were not due to failure of anti-Cx36 antibody to recognize a possibly different amino acid sequence corresponding to the antibody epitope of Cx36 in these species, because robust labeling of Cx36 was observed in the inferior olivary nucleus of both guinea pig and cat, images of which were presented as positive controls for Cx36 detection in the original submission of this report, together with comparisons of labeling for Cx36 in the inferior olive of rat and mouse, which are known to harbor an abundance of Cx36-containing neuronal gap junctions (Hoge et al., 2010) . Dense labeling for Cx36 was also seen in the molecular layer of the cerebellum in guinea pig and cat (not shown), which typically contains an abundance of Cx36-puncta in rodents (not shown).
Confocal analysis of Cx36 immunofluorescence
Examination of Cx36 immunofluorescence by laser scanning confocal microscopy ( Fig. 4 ; Cx36 red, with or without green Nissl fluorescence overlay) revealed several features of labeling alluded to above. First and foremost is that labeling for Cx36 appeared exclusively as immunopositive puncta (Cx36-puncta), similar to the appearance of antibody detection of Cx36 protein that we have described in other regions of rodent brain (Li et al., 2004 (Li et al., , 2008 Rash et al., 2007a,b; Bautista et al., 2012; Curti et al., 2012) . Second, no labeling of either a punctate or diffuse nature was detected intracellularly; labeling was always localized to cell surfaces, presumably plasma membranes. This point is less evident in the z-stack images presented in Fig. 4A -J, which instead aimed to capture the totality of Cx36-puncta associated with neuronal elements. However, single confocal scans through the center of neuronal somata showed the occurrence of labeling only around their periphery, and scans through their top or bottom edge indicated labeling only at the cell body surface (Fig. 4K, L) . And third, comparison of intracellular fluorescence signal in vestibular neurons from wild-type vs. Cx36 ko mice revealed little difference in intensity (not shown), presumably due either to normally very low levels of Cx36 in neuronal cytoplasmic compartments, or to inability of the anti-Cx36 antibodies we use to detect Cx36 in the course of its intracellular trafficking to and from the plasma membrane, at least under the tissue fixation conditions used here. It should be noted that our choice of fixation for the present work does not account for the lack of cytoplasmic staining for Cx36, because we do not detect cytoplasmic Cx36 immunoreactivity (i.e., greater than seen in Cx36 ko mice) under any fixation conditions among dozens tested.
Examples of Cx36-puncta associated with individual neurons are shown in Fig. 4A -C. Some neurons displayed puncta distributed over the entirety of their surface and relatively large initial dendrites ( Fig. 4A ; shown with Nissl counterstaining in inset). Equally often, neurons and dendrites were seen bearing roughly round or oval patches of Cx36 immunofluorescence, which were much larger than individual puncta (Fig. 4B) . Through focus analysis indicated that, like all Cx36 immunosignal, these patches were localized to neuronal surfaces. At higher magnification ( Fig. 4C; shown with Nissl counterstaining in inset), the patches were seen to consist of numerous puncta assembled into clusters, with channel-free areas surrounding puncta in these clusters. Puncta contained in clusters appeared to be randomly organized and varied considerably in size, as shown in Fig. 4D , but otherwise had an appearance similar to those dispersed individually over neuronal surfaces (as in Fig. 4A ). Clusters of Cx36-puncta had an average diameter of 4.2 ± 0.35 lm, and puncta whether in clusters or not had an average diameter of 0.65 ± 0.03 lm.
Frequently, what appeared to be linear arrangements of Cx36-puncta were observed around the perimeter of neuronal somata (Fig. 4C, double arrows) , shown by a higher magnification z-stack image in Fig. 4E . However, rotation of this image revealed that it, too, consisted of a cluster of Cx36-puncta. Thus, clusters of Cx36-puncta could be viewed on edge around the perimeter of cells when captured with their plane oriented perpendicular to the horizontal axis, or viewed en face when captured with their plane oriented parallel to the horizontal axis.
A feature examined in less detail, in the absence of corresponding ultrastructural analysis or more extensive dendritic counterstaining than provided by the Nissl approach used here, was the extent of Cx36 localization at appositions between neuronal elements, which could be indicative of sites of neuronal gap junctional coupling. Nevertheless, examples were found where dendritic elements heavily labeled for Cx36 appeared to pass very close to the somata of other neurons (Fig. 4G ). In addition, very rare cases (three in hundreds of sections examined) were encountered where Cx36 was seen distributed at appositions between neuronal somata in the various vestibular nuclei (Fig. 4H-J) . In each of these cases, the participating neurons were much smaller than the typically large neurons in these nuclei. These examples raise the possibility of Cx36 localization to dendrosomatic and soma-somatic elements, but equally possible is the association of these Cx36-puncta to nerve terminals sandwiched between these elements (discussed below).
Association of Cx36 with nerve terminals in vestibular nuclei
The dense immunofluorescence labeling of Cx36 associated with neuronal somata in the vestibular nuclei, together with the punctate appearance of labeling, suggests the possibility that Cx36 is localized to gap junctions in this structure, as supported by studies elsewhere in the brain where correspondence of Cx36-puncta to ultrastructurally identified neuronal gap junctions containing Cx36 has been reported (Li et al., 2004 (Li et al., , 2008 Kamasawa et al., 2006; Rash et al., 2007a,b) . This possibility is further supported by observations of neuronal gap junctions in the LVN, which were identified by thin-section electron microscopy (Sotelo and Palay, 1970; Korn et al., 1973) . However, unlike other brain regions where neuronal gap junctions for the most part are found linking dendrites, those junctions in the LVN were found to occur at nerve terminals, linking pre-and postsynaptic elements and forming mixed chemical/electrical synapses (Sotelo and Palay, 1970; Korn et al., 1973 ). An example of this is presented here in Fig. 5 , reproduced from the early work of Korn et al. (1973) nearly 40 years ago, showing an axon terminal that is packed with synaptic vesicles and that forms a gap junction with a postsynaptic dendrite (Fig. 5A) , and a high magnification of a gap junction showing its heptalaminar appearance (Fig. 5B) .
Based on the presence of mixed synapses in the LVN, we examined Cx36 immunofluorescence in relation to the localization of the nerve terminal marker vglut-1 in vestibular nuclei. Sections double-labeled for Cx36 (red fluorochrome) and vglut-1 (green fluorochrome), with Nissl fluorescence blue counterstaining, are shown in Fig. 6 . In adult rat LVN, neuronal cell bodies and initial dendritic segments that were heavily decorated with a high density of vglut-1-positive terminal boutons (Fig. 6A1 ) were equally laden with Cx36-puncta (Fig. 6A2) . Overlay of images revealed substantial localization of Cx36-puncta at vglut-1-positive boutons ( Fig. 6A3 ; with boxed area shown at higher magnification in Fig. 6B1-3) . Similar results on Cx36-puncta co-localization with labeling for vglut-1 was obtained in adult mouse LVN (Fig. 6C1-3) , as well as in adult rat and mouse SpVN, MVNmc and SuVN (not shown). While no attempt was made to quantify Cx36-puncta or vglut-1-positive terminal boutons associated with large vs. small neurons, or the extent of total Cx36-puncta associated vs. unassociated with vglut-1-positive boutons, it was clear that the vast majority of Cx36-puncta were localized to large vglut-1-positive boutons contacting large neurons.
Laser scanning confocal examination of labeling for Cx36 (red signal) in combination with vglut-1 (green signal) is shown in Fig. 7A -E. Two neuronal somata with thick initial dendritic segments outlined by immunofluorescence label are shown in Fig. 7A (not counterstained, but centers of soma are marked by asterisks in image showing Cx36/vglut-1 overlay, and in inset image of the same field showing labeling for Cx36 alone). From this and similar images, measurements of vglut-1-positive terminals of all sizes on large neurons yielded an average diameter of 3.1 ± 0.16 lm. Nearly all of these terminals display yellow signal, representing red/green overlap. To confirm the extent of this overlap, and exclude the occurrence of Cx36-puncta lying above or below vglut-1-positive boutons in the z-stack image of Fig. 7A , representing 14 lm in the z dimension, a movie with image rotation is provided as neuroimage 1, indicating that all Cx36-puncta remain associated with vglut-1-labeled terminals at various angles of rotation. Another neuronal soma covered with vglut-1-positive terminals is shown in an image at higher magnification in Fig. 7B . Collections of Cx36-puncta are seen distributed within the confines of labeling for vglut-1. Thus, clusters of Cx36-puncta described in Fig. 4 correspond to puncta associated with individual terminal boutons. However, the larger average diameter of the clusters (4.2 ± 0.35 lm) than the average diameter of all the typically round vglut-1-terminals seen on neurons suggests localization of clusters of Cx36-puncta to a subset of relatively larger vglut-1-containing terminals. On rare occasions, terminals specifically in the LVN were seen having an extended configuration, with continuous labeling for vglut-1 and lengths of up to 15 lm (Fig. 7C) , and these too displayed Cx36-puncta along their length.
Similar to the absence of detectable intracellular labeling of Cx36 in neuronal somata and dendrites noted earlier, Cx36 was not detected in the interior of terminals, but rather was associated with their peripheries, as determined by through focus analysis at high confocal magnification (not shown). This was also evident in 3D-rendered z-stack images (Fig. 7D) , where vglut-1-positive terminals surrounding a dendritic initial segment (dendrite not counterstained, but centrally located and surrounded by terminals) display Cx36-puncta at their surface of contact with the dendrite, rather than throughout their surface or interior. This is better appreciated with image rotation, as provided in neuroimage 2.
The distribution of Cx36-puncta at individual terminals was examined in relation to both labeling intensity for vglut-1 and localization of the protein bassoon, a marker of presynaptic active zones for transmitter release (Richter et al., 1999) . Immunolabeling for vglut-1 is often robust, but at sufficiently low confocal gain setting, terminals displayed a heterogeneous pattern of vglut-1 labeling intensity (Fig. 7E1) . Cx36-puncta tended to be localized within terminal regions having faint vglut-1 labeling, suggesting that vglut-1-containing vesicles tend to accumulate least in plasma membrane regions that harbor Cx36-containing gap junctions, where vesicles release would be obstructed by the gap junctions. Similarly, while Cx36-puncta were intermingled with punctate labeling for the active zone marker bassoon within vglut-1-positive terminals, there was no overlap between labeling for Cx36 and bassoon (Fig. 7F, G) , again indicating separate localization of the functionally different structures represented by these proteins.
There was a wide variation in the numbers of Cx36-puncta associated with large vglut-1-positive boutons. Counts of the number of these puncta localized to individual large terminals was determined from examination of a total of 932 terminals containing a total of 5836 puncta in the vestibular nuclei of four rats. The results, expressed as percentage of terminals containing particular numbers of puncta averaged over data collected from the four rats, are plotted in the histogram shown in Fig. 8 . A relatively small proportion (7%) of large vglut-1-positive boutons were devoid of Cx36-puncta, but false-negative results could not be ruled out in these cases (e.g., failure to detect faint Cx36-puncta or puncta out of the plane of visualization in relation to the terminal). It was further calculated that 7% of vglut-1-positive terminals displayed only a single Cx36-punctum, 53% displayed 2-7 puncta, 26% displayed 8-15 puncta, and the remaining 7% displayed greater than 16 of these puncta.
Development of Cx36 expression in vestibular nuclei
To determine whether Cx36 associated with mixed synapses in vestibular nuclei exhibits similar or different developmental patterns of expression compared with Cx36 at pure electrical synapses (e.g., dendro-dendritic) (E1) and, in the same field, its associated cluster of Cx36-puncta (E2), showing localization of puncta in regions of lower vglut-1 labeling density (arrows). (F,G) Triple immunofluorescence labeling for Cx36 (red), vglut-1 (green) and the active zone marker bassoon (blue), showing two examples of Cx36-puncta intermingled with punctate labeling for bassoon in red/blue overlay (F1 and G1, arrows), and co-localization of Cx36/bassoon with labeling for vglut-1 in red/blue/green overlay (F2 and G2, arrows).
occurring elsewhere in the brain, we examined immunolabeling of Cx36 and vglut-1 in these nuclei of the rat and mouse at various postnatal ages. Results from rats are shown in Figs. 9 and 10 , where the labeling scheme with fluorochromes is the same as that in Fig. 6 . At postnatal day 5 in the LVN, labeling for both proteins was already present and these labels were colocalized to a limited extent, mostly on neuronal somata (Fig. 9A ). Many neurons, however, were devoid of labeling (Fig. 9A3) , and some neurons bearing label for both Cx36 and vglut-1 displayed minimal co-localization of the proteins (Fig. 9B) . In addition, individual Cx36-puncta not associated with neuronal somata were seen sparsely distributed throughout the nucleus (Fig. 9A3) . The pattern of labeling in the LVN at postnatal day 10 (not shown) was similar to that seen at postnatal day 15 (Fig. 9C) ; the density of Cx36 and vglut-1 label on neurons was increased, but the labels were not yet fully co-localized to the extent seen in the LVN of adults, as shown by higher magnification of labeling at postnatal day 15 in Fig. 9D , and by overlay of labeling for vglut-1 and Cx36 without counterstaining in Fig. 9E . In view of these findings, animals at postnatal days 20 and 25 were examined, results from which revealed that the adult pattern of labeling was reached largely by the earlier and fully by the latter of these ages. Similar developmental profiles of Cx36 and vglut-1 labeling were observed in the SuVN and the MVNmc of rat, and in the vestibular nuclei of mouse at postnatal days 5 and 10 (not shown).
Labeling in the SpVN rat paralleled that in the LVN qualitatively; at early ages, widely dispersed individual Cx36-puncta unassociated with vglut-1 were present at postnatal day 5, persisted untill postnatal day 15 (Fig. 10) , and then were largely absent by postnatal day 20. Co-localization of Cx36 with vglut-1 was evident at the earliest age, continued to increase, and reached an adult appearance by postnatal day 20. However, the density of labeling for both Cx36 and vglut-1 at postnatal days 5 and 10 (not shown) was greater than observed in the LVN at these ages, and the extent of Cx36/vgut-1 co-localization was much greater at each of the ages examined during the first two postnatal weeks, as shown in Fig. 10 . The more rapid approach to the adult appearance of labeling in the SpVN vs. LVN was not an artifact of differential tissue fixation, because data from the two adjacent nuclei in the brain were derived from the same tissues. The slightly earlier adult appearance of Cx36 and vgut-1 in the SpVN suggests earlier maturation of functions associated with this nucleus, which is consistent with the rostro-caudal gradient in the maturation of posture and locomotion in rat (Clarac et al., 1998) , and the greater projections of the SpVN to rostral vs. caudal spinal cord levels (Goldberg et al., 2012) .
vglut-1 and Cx36 in vestibular nuclei after labyrinthectomy
The effect of labyrinthectomy, involving unilateral ablation of the Scarpa's sensory ganglion and/or its associated vestibular nerve root, on immunolabeling of vglut-1 and Cx36 in the vestibular nuclei is shown in Fig. 11 . Of the 14 rats taken for labyrinthectomy, six were used to develop and refine the surgical approach, and these gave variable results, with either no effect on vglut-1 and Cx36 labeling in the vestibular nuclei or loss of labeling ranging from an estimated 20-50% (based on visual inspection) in some but not all of these nuclei. Among the other nine animals, loss of labeling was somewhat greater in two rats, but still not complete. The best results were obtained in animals where a complete Scarpa ganglionectomy was attempted followed by ablation of its vestibular nerve root. The data presented here are representative of the remaining seven animals.
Immunolabeling for vglut-1 and Cx36 in all vestibular nuclear subdivisions on the intact side of animals taken for labyrinthectomy was not discernibly different from that seen in unoperated animals. This allows animals to serve as their own controls for quality of tissue fixation and immunolabeling; thus, comparisons in Fig. 11 show labeling on the control left side vs. lesioned right side. As shown at low magnification in a field of the LVN and MVN, vglut-1-positive terminals normally associated with neuronal somata and their initial dendrites on the control side (Fig. 11A) were largely absent on the lesioned side (Fig. 11B ). This was accompanied by an equally large loss of labeling for Cx36, as shown in the LVN by comparison of the intact (Fig. 11C) vs. lesioned (Fig. 11D) side. Similar depletions of vglut-1 around neuronal somata were seen in the SpVN, as shown at low magnification of the control (Fig. 11E) vs. lesioned side (Fig. 11F) . In Fig. 11G , H, higher magnifications of the boxed areas in Fig. 11E , F show comparisons of labeling for vglut-1 in relation to that of Cx36 on the intact vs. lesioned side of the SpVN. Fig. 11G1, G2 shows the same field on the intact side, and Fig. 11H1 , H2 shows the same field on the lesioned side. The insets with blue counterstaining show the localization of neurons in these fields. The Cx36-puncta that were typically associated with vglut-1-positive terminals on Fig. 8 . Histogram showing range in numbers of Cx36-puncta associated with large vglut-1-positive terminals on neurons in the LVN of adult rat. The greatest percentage of terminals has from three to five Cx36-puncta. Data were plotted from counts of a total of 5,836 Cx36-puncta localized to a total of 932 terminals in four rats, and expressed as percentage of terminals (mean ± SEM) displaying the number of puncta indicated.
the intact side (Fig. 11H) were largely depleted along with these terminals on the lesioned side, and what remained was a sparse scattering of vglut-1 terminals and Cx36-puncta (Fig. 11G ). Higher magnifications of the boxed areas in Fig. 11G , H are shown in Fig. 11I , J, respectively. Compared with the relatively large size of the vglut-1-positive terminals (Fig. 11I1) and clusters of Cx36-puncta (Fig. 11I2 ) normally seen on somata in vestibular nuclei on the intact side, the remaining terminals on the lesion side tended to be smaller and less often associated with somata (Fig. 11J1) , and clusters of Cx36-puncta were also diminished in size (Fig. 11J2) . The few small terminals that remained associated with neuronal somata maintained colocalization with Cx36-puncta, as shown in the inset in Fig. 11J2 , representing overlay of the boxed areas in Fig. 11J1, J2 . A similar loss in labeling for vglut-1 terminals and Cx36-puncta was seen in the SuVN on the intact vs. lesioned side (not shown).
Our results are in contrast to a previous report, where unilateral labyrinthectomy in rats failed to reduce labeling of Cx36 in vestibular nuclei, and where the pattern of labeling observed in these nuclei in normal animals had a somewhat different appearance than presented here . A sparse to moderate density of vglut-1-positive terminals is seen on LVN neuronal somata (A1, arrows) and less so on dendrites, and a similar distribution of labeling for Cx36 is seen on these somata, as shown by labeling for Cx36 alone (A2, arrows), with moderate degree of co-localization, as seen in red/green/blue overlay (A3, arrows). Many neurons are nearly devoid of Cx36/vglut-1 labeling (arrowheads), and some dispersed Cx36-puncta appear unassociated with vglut-1 (B) or with Nissl-stained neurons (A3). (C-E) Postnatal day 15 LVN at low magnification (C), with boxed area in C3 shown as higher magnification confocal image in D, and the boxed area in D shown with only red/green overlay in E. Labeling for vglut-1 (C1) and Cx36 (C2) is increased compared to postnatal day 5, but is still only moderate on neuronal somata and dendritic initial segments (C3, arrows). Labeling for Cx36 appears on cell bodies and dendrites often as individual puncta rather than as clusters, dispersed Cx36-puncta not associated with Nissl-stained neurons is reduced (D, E), and degree of Cx36/vglut-1 co-localization (arrow) is modest compared with that seen in adult. (Beraneck et al., 2009) , possibly due to use of different fixation conditions under which specificity of their immunolabeling was not tested. These same investigators reported significant effects of gap junction blockers on the electrophysiological properties of vestibular neurons in guinea pig where, as noted above, we found an absence of labeling for Cx36.
DISCUSSION
The present results extend previous reports on neuronal gap junctions and mixed synapses in rodent vestibular nuclei. These junctions are almost certainly composed of Cx36, and many of their features, deduced from the more global view afforded by immunofluorescence labeling of Cx36, are consistent with those derived from earlier detailed ultrastructural observations. Their size was reported to range from 0.05 to 0.5 lm (Sotelo and Palay, 1970) , roughly matching the 0.65-lm average size of Cx36-puncta measured here, if taking into account that these puncta appear somewhat larger due to fluorescence light dispersion (halation). The localization of Cx36-puncta to nerve terminals, in this case those labeled for vglut-1, is also consistent with descriptions of mixed synapses in vestibular nuclei. Individual nerve terminals in these nuclei were reported to form more than one gap junction with a postsynaptic element (Sotelo and Palay, 1970) , corresponding to multiple Cx36-puncta we found at the majority of terminals. Typically, terminals forming gap junctions in the rat LVN were described as being relatively large, ranging 2-4 lm in diameter (Sotelo and Palay, 1970; Karhunen, 1973) , similar to the on average 3-lm diameter boutons at which Cx36-puncta were localized. A class of long slender axon terminals were also described in the LVN (Sotelo and Palay, 1970) , which likely correspond to the long vglut-1-positive profiles bearing Cx36-puncta described here.
Neuronal somata contacted by large terminals were reported to be among the largest in the LVN, and included large ventrally located Deiters neurons, with on average 60% of their parykaryal surface covered by these boutons (Sotelo and Palay, 1970) . Our results show Cx36 co-localization with large vglut-1-positive terminals ending on among the largest neurons in each of the vestibular subdivisions, although those in the SuVN tended to be more on the medium size. Mixed synapses in the LVN were reported to be present mainly on neuronal somata or initial dendrite segments (Sotelo and Palay, 1970; Korn et al., 1973) , consistent with locations displaying the greatest concentrations of Cx36-puncta. Dendro-dendritic, dendro-somatic and soma-somatic gap junctions were reported to be absent in the LVN of adult rat (Sotelo and Palay, 1970; Korn et al., 1973) , which is supported by present results showing that nearly all Cx36-puncta in vestibular nuclei of adult rodent are associated with vglut-1-positive nerve terminals. Only very rarely did we find these Cx36-puncta at closely apposed small neuronal somata, but even these puncta may represent false-negative terminal association, because confocal through focus analysis often showed them to be associated with vglut-1-positive terminals located out of the plane of focus, . Labeling for Cx36 (A1, arrows) and vglut-1 (A2, arrows) is dense on neuronal somata and moderate on initial dendritic segments. Cx36-puncta appear as clusters of puncta colocalized with vglut-1 on neuronal somata (A3, arrows) or as noncolocalized puncta, and dispersed Cx36-puncta not associated with Nissl-stained neurons are readily evident. which was not uncommon given that Cx36-puncta occur on the surface rather than within terminals.
Distribution of mixed synapses in vestibular nuclei
Mixed synapses were described in the LVN and the SpVN of rat (Sotelo and Palay, 1970; Korn et al., 1973; Sotelo and Korn, 1978) and the LVN of mouse (cited as unpublished observations in Sotelo and Korn, 1978) . Present results now show that all four of the ''classically'' defined vestibular nuclei in both rat and mouse contain mixed synapses, i.e., Cx36-puncta associated with vglut-1-positive terminals. While borders between these nuclei are often difficult to delineate, this is less of a concern here because immunolabeling for Cx36 differed little in regions where borders are indistinct. Several satellite cell groups included in the vestibular nuclear complex (e.g., groups y, e, x, z) were not examined here, but may be considered at a later date. Of note is the dorsocaudal portion of the LVN Images of labeling for vglut-1 (G1) and Cx36 (G2) in the same field of SpVN taken from the boxed area in E, and of vglut-1 (H1) and Cx36 (H2) in the same field taken from the boxed area in F. Insets show the two fields with blue Nissl counterstaining of neurons. Vglut-1 and Cx36 associated with neuronal somata on the control side (G1, G2, arrows) is depleted on the lesion side H1, H2). (I, J) Magnifications of the boxed areas from G1 and G2 are shown in I1 and I2, respectively, and those from H1 and H2 are shown in J1 and J2, respectively. Labeling of large vglut-1-positive terminals associated with neuronal somata (blue Nissl counterstained) on the control side (I1, arrows) are absent or reduced in size on the lesion side (J1, arrow), and Cx36-puncta associated with these terminals (I2, arrows) are similarly depleted or reduced in number (J2, arrow). The few shrunken terminals left on the lesion side remain co-localized with Cx36, as shown by overlay of the boxed areas in J1 and J2 (shown in inset in J2, with red/green overlay seen a yellow, arrow).
(dLVN), in which there was a near total absence of Cx36-puncta. The dLVN is populated by numerous ''giant'' neurons of Deiter (Shamboul, 1979; Mehler and Rubertone, 1985) , but unlike other areas of the vestibular nuclear complex, it lacks or receives only sparse primary afferent input (reviewed in Barmack, 2003; Highstein and Holstein, 2006) . The dLVN was presently found to be nearly devoid of the large 3-lm diameter vglut-1-positive terminals with which Cx36 was associated in other areas of the vestibular complex, but contained instead an abundance of much smaller vglut-1-positive terminals ($1 lm diameter) that were not labeled for Cx36.
Regarding species differences in observations of mixed synapses in mammalian vestibular nuclei, in their discussion of ultrastructural studies by Mugnaini et al. (1967a,b) who did not describe gap junctions in the cat LVN, Sotelo and Palay (1970) noted that large axon terminals appear to be absent in the feline LVN, explaining in their view the concomitant absence of terminal-associated gap junctions. Our examination of the LVN in cat revealed the presence of abundant large vglut-1-positive terminals (not shown) having a similar size range (i.e., $3.4 ± 0.23 lm) as those in the rat LVN, consistent with observations of degenerating large terminals after transection of the vestibular nerve (Mugnaini et al., 1967a,b) . However, this structure as well as the other three major vestibular nuclear subdivisions in both the cat and guinea pig were devoid of labeling for Cx36, which is consistent with the reported absence of electrical coupling between LVN neurons in the cat (Ito et al., 1964 (Ito et al., , 1969 .
Development of mixed synapses in vestibular nuclei
Developmental studies of mixed synapses in the vestibular nuclei are rare, except in the chick tangential nucleus (avian vestibular equivalent), where mixed synapses are formed by large callosal primary afferent fibers that terminate as spoon endings on principal neurons (Hinojosa and Robertson, 1967) . In this nucleus, abundant mixed synapses are present at late embryonic stages and continue to increase after hatching and toward adulthood (Peusner, 1981 (Peusner, , 1984 , but this system has resisted demonstrations of electrical coupling and has yielded variable results in studies of dye-coupling (Peusner, 1994; Arabshahi et al., 1997; Shao et al., 2008) . Our findings in rats that mixed synapses in the vestibular nuclei emerge in small numbers shortly after birth, that their maturation is somewhat protracted, reaching an adult appearance only at about the third postnatal week, and that this occurs slightly earlier in the SpVN, parallel the same period of time over which there is gradual maturation of the connections and functions of these nuclei in the control of posture, balance and gaze (Clarac et al., 1998) .
The many Cx36-puncta that were not associated with vglut-1 at earlier ages could reflect: (1) localization on terminals with immunohistochemically undetectable levels of vglut-1. This is possible because large terminals in the LVN do not reach their adult size or abundance of vesicles till about postnatal day ten (Karhunen, 1973) ; (2) localization on neurons that await their full complement of large terminal contacts to which Cx36 relocates for mixed synapse formation. This is unlikely because the number of large terminals on large LVN neurons changes little during postnatal development (Karhunen, 1973) ; or (3) purely electrical synapses (i.e., not mixed synapses) that are formed between dendrites, neuronal somata or dendrites and somata, and that gradually diminish in number, as occurs during development in other regions of the CNS (Bruzzone and Dermietzel, 2006; Meier and Dermietzel, 2006) . This latter point is likely, but all three of these issues remain to be addressed by ultrastructural studies.
Source of vestibular afferents forming mixed synapses
The anatomical source of terminals forming mixed synapses in rodent vestibular nuclei has been a point of uncertainty ever since the identification of these synapes over four decades ago. Korn et al. (1973) noted that various lesions, including vestibular nerve section, failed to produce degeneration of large terminals bearing gap junctions, apparently excluding a primary afferent origin. However, there is evidence in the rat for electrical transmission by primary vestibular fibers to vestibular neurons (Wylie, 1973) . Moreover, electrical transmission by eighth nerve afferents has been described in a toadfish (Korn et al., 1977) , frog (Precht et al., 1974; Babalian and Shapovalov, 1984) , lizard (Richter et al., 1975) and pigeon (Wilson and Wylie, 1970) . Based on these findings, together with observations in some of these systems that typically the largest primary vestibular afferent terminals form mixed synapses, it seems to have been inferred that the large terminals forming these synapses in rat vestibular nuclei are of primary afferent origin (Sotelo, 1975; Korn et al., 1977; Sotelo and Korn, 1978; Sotelo and Triller, 1981) . More recently, unilateral ablation of Scarpa's ganglion, housing the somata of vestibular primary afferents, was demonstrated to cause a substantial loss of vglut-1-containing terminals in deafferented vestibular nuclei (Zhang et al., 2011) . A similar result obtained here after labyrinthectomy is consistent with evidence suggesting the glutamatergic nature of vestibular primary afferents (Highstein and Holstein, 2006) , and indicates that large vglut-1-containing terminals in the vestibular nuclei originate from primary afferents. The accompanying loss of Cx36-puncta revealed association of Cx36-containing gap junctions with terminals of these afferents. It remains unclear why Korn et al. (1973) failed to find degeneration of large nerve terminals bearing gap junctions after vestibular nerve lesions.
Vestibular neuronal coupling via presynaptic axons
Previously described electrical coupling between rat LVN neurons was concluded to be mediated by presynaptic fibers (Korn et al., 1973) , where collaterals of a single fiber innervate and form mixed synapses on two different neurons, allowing activity in one neuron to be synapses in the vestibular complex, but also evidence for operative dual chemical and electrical components at individual mixed synapses.
